Abstract. In this study the mechanical behaviour of a creased thin strip under opposite-sense bending was investigated. It was found that a simple crease, which led to the increase of the second moment of area, could significantly alter the overall mechanical behaviour of a thin strip, for example the peak moment could be increased by 100 times. The crease was treated as a cylindrical segment of a small radius. Parametric studies demonstrated that the geometry of the strip could strongly influence its flexural behaviour. We showed that the uniform thickness and the radius of the creased segment had the greatest and the least influence on the mechanical behaviour, respectively. We further revealed that material properties could dramatically affect the overall mechanical behaviour of the creased strip by gradually changing the material from being linear elastic to elasticperfect plastic. After the formation of the fold, the moment of the two ends of the strip differed considerably when the elasto-plastic materials were used, especially for materials with smaller tangent modulus in the plastic range. The deformation patterns of the thin strips from the finite element simulations were verified by physical models made of thin metal strips. The findings from this study provide useful information for designing origami structures for engineering applications using creased thin strips.
Introduction
Origami has been gaining increasing interest in recent years due to its extraordinary features and potential applications (Chen et al., 2015; Filipov et al., 2015; Dias et al., 2012) . The fundamental principle of origami is to transform a flat sheet square (2-D) of paper into a finished sculpture (3-D) through folding and sculpting techniques along pre-defined creases. Because of its unique properties, origami has been imitated and developed to design foldable mechanisms (Hanna et al., 2014) , self-deployable structures (Delimont et al., 2015) , robots (Jayaram and Full, 2016) , self-folding structures (Na et al., 2015) , metamaterials (Overbelde et al., 2017) , energy absorbing structures (Yang et al., 2016 and to solve plant structure folding (Couturier et al., 2013) , soft matter folding (Lin et al., 2016) and even protein folding problems (Gethin and Sambrook, 1992) . From an engineering viewpoint, mechanical properties of the crease for designing origami structures are of significant importance, which should be fully understood and characterised. Unfortunately, the knowledge of the contribution of the introduced creases to the overall mechanical behaviour is still limited.
Generally, the crease connecting two adjacent rigid facets was treated as an elastic hinge with specific stiffness (Yasuda and Yang, 2015) . Yasuda and Yang (2015) investigated the bistable nature of the re-entrant 3-D origami structure. They modelled the structure by connecting the rigid plates with torsional spring along the creased lines. However, the deformation of the plates might have a considerate influence on the mechanical response of the origami structure (Lechenault et al., 2014) . Schenk and Guest (2011) treated the folding pattern as a pin-jointed framework. The stiffness of origami structure in their work was derived by using a stiffness matrix approach. Their work simplified the origami structure as discrete trusses instead of continuous one. In addition, they only assumed that the materials of trusses were linear elastic. Dias and Audoly (2014) employed a singular elastic hinge line to model the crease, which did not necessarily need to be straight. Francis et al. (2013) defined a hinge parameter to assess the crease of non-paper sheet materials. Their research could guide designers to material selection and origami designs. Due to the significant influence of creases on the origami structure, the mechanical properties of the creases should be characterised based on their geometry and material properties, instead of assumptions. Lechenault et al. (2014) experimentally and analytically investigated the mechanics of a creased thin Mylar sheet. They introduced a characteristic length scale, aiming to find a generic feature that could govern the mechanism of structural response when a small load was applied, which might consist in angle opening or panel bending. Walker and Seffen (2016) studied the mechanical behaviour of a thin metallic creased strip. They folded the creased strip along its axis by equal-sense bending (the direction of folding was the same as the opening of the origami structure). The crease was regarded as a cylindrical segment of a small radius and its real material properties were considered. However, very little research could be found to study the mechanical response of the creased thin strip folded by opposite-sense bending (the fold direction was opposite to the opening direction of the origami structure), which is of practical value for possibly higher bending stiffness. In opposite-sense bending of the creased thin strip, the crease would lead to the increase of the second moment of area, which could significantly influence its overall mechanical behaviour, thus, designers should concern the role of the creases specifically in opposite-sense bending.
The equal-sense bending and opposite-sense bending of tape springs have been extensively studied and broadly applied to self-deployable structures in aerospace field, which could offer help in investigating the opposite-sense bending of the creased strips. Seffen and Pellegrino (1999) studied the dynamic deployment of a tape spring that is used as a deployment actuator. They found that the process of emerging and growth of elastic folds in tape springs is a propagating instability, which could be represented by a high peak moment and a smaller propagation moment. In their study, they mainly focused on the straight tape spring. Later, Seffen et al. (2000) investigated the bending process of the curved tape springs, and they demonstrated that the mechanical behaviours of the straight tape spring and the curved tape spring were almost in common except for equal-sense folds with small rotation angles. For more studies on the tape spring, the readers are referred to Soykasap (2007) , Walker and Aglietti (2006) , Yang et al. (2015) , Ye et al. (2017) and references therein.
In this paper, we attempted to identify the mechanical behaviour of a creased thin strip by opposite-sense bending. Inspired by Walker and Seffen's work, we treated the crease as a cylindrical segment of a small radius. We first tried to verify our finite element modellings for the creased thin strip by comparing the finite element analyse (FEA) results and the experiment results adopted from Steffen et al. (2000) for the opposite-sense bending of a curved strip. Based on this, we studied the mechanical response of bending a creased thin strip. The influence of the geometry on the overall mechanical response was investigated. We also systematically studied the transition from a creased strip to a curved strip. Furthermore, the influence of on the mechanical behaviour of the creased strip was investigated.
Opposite-sense bending of creased thin strips
Opposite-sense bending of creased thin strips was studied in this paper. The crease region of the strip was treated as a cylindrical segment of a small radius, as shown in Fig. 1a . Thus the strip was simplified as the combination of two rectangular facets of the same size and a curved crease. The key dimensions of the strip were the radius of crease curvature (r), the length of the strip (L), the width of the rectangular facet (b), the uniform thickness of the strip (t), and the initial opening angle (θ).
The creased strip was bent in opposite sense, as shown in Fig. 1b . Assuming that there was no external axial, shear or torsional force exerted on the strip, the bending of the strip could be treated as a pure bending problem. Note that in Fig. 1b , M represented the moment applied at the end of the strip, which was generated by rotational displacements at the two ends of the strip. (a) Curved strip with negative Gaussian curvature and subject to a moment couple M > 0 at both ends and the boundary condition (left), and the cross-section of the strip (right), (b) the mesh and the boundary conditions of the strip, and (c) the moment-rotation relationship obtained from the finite element modelling of curved strip as compared to that by Seffen et al. (2000) .
Finite element analyses

Verification of the finite element model
The experimental result by Seffen et al. (2000) on the mechanical response of bending a curved strip was employed in this paper to verify the finite element model. A curved strip adapted from Steffen et al. (2000) was analyzed (Fig. 2a) , with dimensions and material properties listed in Table 1 . In the model, the strip direction was set to be the z axis Cartesian coordinate and the y axis was vertically perpendicular to the z axis. The displacement components of the strip ends were denoted as u x , u y , and u z , respectively. The rotational displacement components of the strip were denoted as β x , β y , and β z , respectively. The boundary condition for applying a moment was defined by u x = u y = u z = β y = β z = 0 and β x = 1 radian for the left end of the strip, and u x = u y = β y = β z = 0 and β x = −1 radian for the other end. Therefore, the degree-of-freedom in zdirection for the right end of the strip was released, which led to the asymmetrical boundary conditions. It should be noted that the curved strip in the work of Seffen et al. (2000) was initially doubly curved but this work focused on initially straight creased strips. In the finite element modelling by Abaqus standard, the rotational displacement was implemented at the end of the strip. The shell was meshed by using 4-node reduced integration shell elements with five degrees of freedom per node (S4R5), making up 2736 elements (see Fig. 2b ). Multiple point constraints (MPC) were used to define the boundary conditions. The nodes at both ends of the strip were tied to an MPC node on the same plane at the middle of the arc by rigid beam elements to ensure their synergetic movements, thus achieving pure bending, as shown in Fig. 2b . Dissipated energy fraction was used to enable the analysis to converge. The analysis method in Abaqus was static by considering geometric large deformation. The material was assumed to be linear elastic.
The relationship between the moment and the rotational angle was plotted in Fig. 2c and compared with the experimental result by Seffen et al. (2000) . It showed good agreement between our result and theirs. Therefore, all the finite element analyses of this paper were conducted based on the verified model. It should be mentioned that, although Seffen et al. (2000) indicated that their experiment results were valid only for decreasing rotation amplitudes, it could also valid for increasing rotation amplitudes if a linear elastic material was used. 
FEA of folding creased thin strips
For the convenience of investigating purely the structural influence, the material for making the strips was kept unchanged in the FEA. Furthermore, to make sure that all the strips could be made of one same thin flat strip, their crosssectional shapes shall be kept identical. In the FEA, at least four elements were used across the crease to assure the simulation accuracy and quality. Assuming that all the strips had the same length and thickness, and the radius of the strip, R L , was sufficiently large (the strips were approximately initially straight), a geometrical constraint could be identified to define the relationship among the width of the rectangular facets (b), the radius of the crease segment (r) and the initial opening angle (θ )
where R T was the transverse radius of the curved strip, α was the subtended angle of the curved strip. In this way, different types of strips could be made by using the same flat thin plate. For example, a set of geometrical parameters for creating a creased strip with a fixed cross-sectional area could be identified according to Eq. (1), namely, b = 13.70 mm, r = 0.1 mm, and θ = 2.09 rad, which will be used in the following finite element analyse to compare the mechanical behaviour with those of flat and curved strips. For the flat strip, its cross-sectional area, thickness and length were the same with those of the curved and the creased strips. It should be noted that the values of R L were infinite for the creased and flat straight strips, where R L was the longitudinal radius. The bending process of three types of strips, i.e., flat strip, curved strip and creased strip, were numerically analyzed by using the verified finite element model as shown in Fig. 3 . In order to qualitatively verify the final deformed shapes of strips in the finite element modelling, physical models of the same arrangement were tested in bending and the deformed shapes of the three types of strips were shown in Fig. 4 . It should be emphasised that only the final deformed shapes of strips were verified and linear-elastic materials similar to Steffen et al. (2000) were applied with the non-linear deformation being neglected in the studied bending range, in which the influence of non-linear deformation was insignificant. In the experiments, flat, curved and folded thin metal strips were fixed at the two ends by using mixed polyamide resin and ethoxyline resin. All the thin metal strips had the same length (200 mm) and thickness (roughly 0.3 mm). It should be noted that we have prepared and tested six specimens by using the vernier caliper, and the maximum/minimum value for the thickness is 0.27 mm/0.31 mm. The opening angle for the creased strip was approximately 2.09 rad. We bended the flat, curved and folded thin metal strips using two hands, respectively. Each hand held the mixed polyamide resin and ethoxyline resin. We used the camera to capture three typical statuses during the bending process for each strip. Specifically, the first status is the original state, namely, before bending; the second status is when β x = 0.5 radian; the third status is when β x = 1 radian. The experiments showed good agreement between experiments and numerical simulations in terms of the deformation. The deformed shape of the flat strip was smooth and continuous without localized fold (see Figs. 3a and 4a ). Localized folds existed at the middle of both the creased strip and the curved strip, but in different patterns. For creased strip, the fold was localized in a very small region adjacent to the crease line, seemingly a small folding line (see Figs. 3c and 4c) . While for curved strip the localized fold occupied a fairly larger region with smooth transition (see Figs. 3b and 4b) . Figure 5 compared the moment-rotation curves of the three strips from the finite element simulations. In the bending process, flat strip showed a linear relationship between the moment and the rotational angle with negligible moment in the studying range as compared to the other two strips. The moment of both the creased and curved strips rocketed up after a very small rotation in the initial stage, peaking at values above 300 N mm. With the occurrence of localized folds, the moment dropped instantly to much smaller values of below 50 N mm. Interestingly, at this stage, the moment of the curved strip would maintain at around 50 N mm. While the moment of creased strip would suddenly drop to a negative moment value and steadily increase with the proceeding of rotation, then plateau at around 50 N mm. The sudden drop of the moment was attributed to the formation of localized folds. Unlike the curved strip, an even serious "snapthrough" occurred during the bending of the creased strip. In the studied case, the creased strip had a smaller peak bending moment than the curved one. Actually, the peak bending moment was highly associated with the geometrical parameters of the strip. Thus, a detailed parametric study on creased strips was conducted and analyzed in the following section.
Parametric studies
Various finite element simulations were conducted to study the influence of the dimensionless geometrical parameters on the mechanical response of the creased strip, including radius of crease curvature to width ratio (r / b), strip length to width ratio (L / b), initial opening angle (θ ), and strip thickness to width ratio (t / b). The value of the width of the rectangular facet (b) was fixed at 10 mm for all the analyses. The transition from a creased strip to a curved strip was also systematically investigated.
Radius of crease curvature to width ratio, r / b
To investigate the influence of r / b on the mechanical response of the creased strip, the length of the strip (L), the initial opening angle (θ ), and the uniform thickness of the strip (t) were fixed at 100 mm, 2.09 rad, 0.1 mm, respectively, i.e., L = 100 mm, θ = 2.09 rad, t = 0.1 mm. The radius of crease curvature (r) varied from 0 to 1 mm (small r / b the values) so that the length of the curvature is sufficiently smaller than the width of facet of the origami fold. When r / b = 0, there was no curvature for the crease line, meaning the two facets were jointed directly. Figure 6a illustrated the mechanical responses of creased strips of various r / b values under bending. Typical shapes as described previously were observed for all the strips. With the increase of r / b, the peak moment increased. Furthermore, there was negligible difference in the moment when r / b was smaller than 0.01. Further increase of r / b above 0.01 resulted in seemingly larger increment of the moment. It should be pointed out that with the increase of r / b, i.e., larger radius of crease curvature, the so-called snap-through effect was weakened.
Strip length to width ratio, L / b
The influence of L / b on the mechanical response of creased strips was investigated with its value ranging from 8 to 12 and the other parameters fixed at: r = 0.1 mm, θ = 2.09 rad, t = 0.1 mm (Fig. 6b) . The results revealed that the smaller the value of L / b was (shorter strip), the larger the peak moment would be. The peak moment decreased from around 725 to around 487 N mm with L / b increased from 8 to 12. After the snap-through, all the obtained moment-rotation curves were almost identical, showing little influence of L / b on the mechanical response of creased strips at this stage. Noticeably, L / b had little influence on the snap-through itself, which was different from the influence of r / b. We also found that, after the snap-through, the localized fold could be regarded as an elastic hinge with small bending stiffness for all the creased strips, as the moment-rotational response in this range is linear.
Initial opening angle, θ
The influence of the initial opening angle on the mechanical response of creased strips was studied when θ changed from 1.74 to 2.44 rad and the other parameters were fixed at: r = 0.1 mm, L = 100 mm, t = 0.1 mm Fig. 6c plotted the moment-rotation curves of the studied strips of different opening angles. It could be seen that the peak moment decreased from around 1161 round 487 N mm with increasing initial opening angle from 1.74 to 2.44 rad. The initial opening angle had a small influence on the snap-through effect. It should be noted that, when the initial opening angle increased to 2.44 rad, there was a sudden jump in the moment in the bending process (highlighted in Fig. 6c as dashed  rectangular) . The sudden change in moment was due to the transition of localized fold from single mode (one localized fold, Fig. 7a ) to double mode (two localized folds, Fig. 7b) , showing a bifurcate phenomenon. The region between the two localized folds was relatively flat.
Strip thickness to width ratio, t / b
The influence of t / b on the mechanical response was also investigated when it varied from 0.01 to 0.05 and the other parameters were fixed at: r = 0.1 mm, L = 100 mm, θ = 2.09 rad. As shown in Fig. 6d , the strip thickness to width ratio had significant influence on the moment. The peak moment increased from around 570 to around 9815 N mm when t / b increased from 0.01 to 0.05, excessively larger than the moment values previously obtained. After snap-through, thicker strips showed much higher moments with no negative moment observed.
Transition from a creased strip to a curved strip
The difference between a curved strip and a creased strip lies in the different radius of curvature that links the two facets, as illustrated in Fig. 8 . To further investigate the me- chanical response of strips during bending when the strip was transformed from creased-shape to curved-shape, we assumed that the mass/volume of the strip maintained unchanged. Therefore, the volume of the strip could be defined by
Firstly, we studied the influence of the width of the rectangular facet (b), and the uniform thickness of the strip (t) on the overall mechanical behaviour of the strip of r = 0 by keeping the volume (V ) and the length of the strip (L) constant, i.e. V = 201.05 mm 3 , L = 100 mm. Then we systematically investigated the transition from a creased strip to a curved strip by varying the radius of the crease curvature (r) and the width of the rectangular facet (b), with the fixed values of the initial opening angle θ , and the uniform thickness of the strip (t), the volume (V ) and the length of the strip (L), e.g., θ = 2.09 rad, t = 0.1 mm, V = 201.05 mm 3 , L = 100 mm.
Strip with a line crease
Line crease occurred when the radius of the crease curvature (r) was zero (Fig. 8) . Figure 9a compared the momentrotation curves of strips with different b and t values. The results showed that the moment-rotation curve shifted to the right when simultaneously increased the value of t and decreased the value of b, with the peak moment increasing from around 563 N mm (t = 0.1 mm, b = 10 mm) to around 1181 N mm (t = 0.25 mm, b = 4 mm) in the studied range of rotation. For the ceased strip when b = 4 mm and t = 0.25 mm, a jump was observed before the formation of localized fold (highlighted in the dotted rectangular). The moment jumped to a very large value, and then plummeted to a relatively small value, which was caused by the movement of the localized fold during the bending process as demonstrated in Fig. 9b , indicating a metastable state. We could also find that a much larger amount of energy was needed to bend this creased strip (the area enclosed by the moment-rotation curve was much larger than those of other strips), which could be used as energy absorbing structures. For the strip with t = 0.5 mm and b = 2 mm, no peak moment was found in the studied rotation range as shown in Fig. 9a . Figure 9c indicated that localized fold had not occurred for this strip in the studied range. These findings showed that the width of the rectangular facet and the thickness together significantly influenced the overall mechanical behaviour of the creased strip when the radius of the crease curvature was zero, i.e., line crease.
4.5.2
Transition from a strip with a line crease to a curved strip Figure 9d showed the mechanical responses for various thin strips when they were transforming from line strip to a curved strip. The thickness (t = 0.1 mm), the initial opening angle (θ = 2.09 rad), the volume (V = 201.05 mm 3 ) and the length (L = 100 mm) of the strip were fixed. The radius of crease curvature (r) and the width of rectangular facet (b) varied. The moment decreases from 562.89 to 107.97 N mm, with the simultaneous increase of the radius of the crease curvature and decrease of the width of the rectangle facet.
We revealed that the moment of the strip varied significantly during the transition.
Transition from a linear elastic material to an elastic-perfectly plastic material
The application of origami always involves linear elastic materials in numerical analyses. However, it shows increasing applications in structural applications such as energy absorption structures, where material plasticity is often considered, e.g., aluminium or steel thin strips. Therefore, to reveal the influence of material properties on the mechanical response of creased strips, six types of materials considering elasticity and plasticity were applied as illustrated in Fig. 10a with different tangent modulus (E tan ). Other material coefficient included Young's modulus E = 131 000 MPa, Poisson's ration v = 0.30 and yield stress σ ys = 300 MPa. All the geometrical parameters were kept the same with those in Sect. 4.5.1 unless otherwise noted, which were determined by Eq. (2) with the same volume. Typically, V = 603.15 mm 3 , L = 300 mm t = 0.1 mm, and θ = 2.09 rad. A larger strip length L was used to reduce the boundary effect. For each material, the mechanical behaviour of the strip with various shapes from line to curved creases was extensively studied. The moment-rotation curves for the linear elastic material, the bilinear material with the tangent modulus (E tan ) = 65 500, 13 100, 6550, and 1310 MPa, and the elasticperfectively plastic material was plotted in Figs. 10b-c and 12a-d, respectively. For all the curves, the moment became smaller when simultaneously increased the value of b and decreased the value of r in the studied range of rotation, and the localised fold formed almost at the same rotational angle. Clear discrepancy was found at the stage after the formation of localised folds when the materials varying from elasticity to plasticity. Noticeably, the two ends of the strips behave differently for different materials. The moments of the two ends, i.e., left and right ends, of the thin strip behaved the same when linear elastic material was used. While, the moments of the two ends became evidently different when elasto-plastic materials were used, with the difference enlarged at smaller tangent modulus. It showed that the moment of the left end strip was increasing while it decreased for the right end strip because of the influence of asymmetrical boundary conditions in the finite element modelling and the plastic deformation in the localised fold region. Part of the moment was consumed to generate kinetic energy to produce plastic deformation when it was transited from left to right end when smaller tangent modulus was applied. When the tangent modulus became zero, i.e., elastic-perfectively plastic material, most of the moment was consumed, resulting in the largest difference of moment at the two ends of the strip. It was interesting to find that some curves, i.e. when r = 5 mm, b = 7.43 mm, the right end of the strip showed a decrease in moment after the snap-through as the rotation angle increased (see Fig. 10c ), which might be due to the use of the non-linear material. It was also noteworthy that there were several jumps in the curves, which might be caused by the use of the non-linear material as well. Figure 11a c presented three typical deformed shapes for three thin strips (r = 0 mm, b = 10 mm; r = 10 mm, b = 4.82 mm; and r = 19.2 mm, b = 0 mm) when the tangent modulus (E tan ) = 65 500 MPa, which showed that the localised fold region became larger and more flat as simultaneously decreased the value of b and increased the value of r.
Discussion
The introduction of a simple crease to a thin strip was numerically studied to reveal the influence of the crease on the overall mechanical behaviour of the strip. Compared with curved and flat strips, the creased strip exhibited remarkably different mechanical behaviour. When a crease was introduced to a flat strip, we observed the magnitude of the peak moment increased by 100 times, demonstrating the dramatic influence of the simple crease on the mechanical behaviour of the strip.
As revealed in the parametric studies, the moment-rotation curves of bending the creased strips showed typical three distinct stages. Firstly, the moment increased to the peak value at a small rotation angle, then it dropped freely to show a snap-through procedure due to the formation of localized folds, which was followed by a final stage of smooth increasing in the moment to a stable value. The geometry of the creased strip could tremendously influence its mechanical response. The dimensionless parameters t / b and r / b were found to have the greatest and the least influence on the mechanical response of the creased strips, respectively. We also found that the moment-rotation curves were very similar to each other after the formation of localized folds for strips with various values of L / b, and θ . Furthermore, the localized fold could trigger two different folds on the same strip if the initial opening angle was sufficiently large, e.g., 2.44 rad (Fig. 7) . When the strip transformed from line-creased structure to curved structure, the change in geometrical parameters r and b significantly influenced the moment of the strip. It should be noted that not all the strips formed the localized folds. For example, the creased strip with t = 0.50 mm and b = 2 mm (Fig. 9c) had no localized fold, which is similar to the flat strip as shown in Fig. 3a .
The investigation into the influence of the transition of the strip material from a linear elastic material to an elasticperfect plastic material showed that material properties had significant influence on the overall behaviour of the creased strip. The moments of the two ends of the creased strip were the same when a linear elastic material was used since the transmission of the moment was not interfered by the elastic fold. However, the increasingly localized plastic deformation in the elasto-plastic material affected the transmission of the moments through the plastic folds during the bending, which became more evident when the tangent modulus was smaller. 
Conclusions
In this paper the mechanical behaviour of a creased thin strip under opposite-sense bending was studied via finite element modelling which was verified by physical models. The effects of the dimensionless parameters, including r / b, L / b, θ , and t / b, on the overall mechanical behaviour of the creased strip were systematically investigated. The results revealed that the introduction of a simple crease to the thin strip could significantly alter the flexural performance of the strip. The uniform thickness and the radius of the creased segment had the greatest and the least influence on the mechanical behaviour of the creased strip, respectively. The investigation of the transition from a creased strip to a curved strip uncovered the tremendous influence of the geometrical parameters on the overall mechanical behaviour of the strip. We also showed that the material properties could play a key role in the bending of the creased strip. Furthermore, deformed shapes of the creased strips from the finite element simulations agreed well with those of the physical models made from thin metal strips. The findings from this study provide useful information for designing origami structures using creased thin strips. Specifically, they can guide engineers to design self-folding structures, energy absorbing structures and others.
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